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ABSTRACT 
 
According to the 2014 EIA statistics, natural gas production from shale and tight 
oil plays accounted for 48% of US natural gas production and this number is expected to 
grow to 69% in 2040. Natural fractures are commonly observed in these unconventional 
reservoirs. Multi-stage hydraulic fracturing in horizontal wells has been applied to develop 
these shale/tight sands. Natural fractures could be open during treatment or conductive 
even before treatment, providing a larger drainage by creating a complex network. It still 
remains a challenge to reasonably predict well performance in such a complex system, 
especially by honoring the distribution of natural fractures explicitly. 
 This study presents a methodology based on Green’s source function and Fractal 
discrete fracture network (FDFN) model. Slab source is a plane source with finite 
thickness, which is a novel approach of classic source function by reducing the erroneous 
integration. The hydraulic and natural fractures together are represented by independent 
slab sources, and their influence on each other is considered, which is more realistic than 
summing the flow from each fracture as total flow. FDFN model was used to generate 
realistic natural fracture maps. Production from adsorbed gas, common in shale reservoirs, 
is also modeled using modified material balance equation.  
 I applied our model to estimate the multi-stage hydraulic fractured horizontal gas 
well performance in synthetically generated naturally fractured reservoirs. An extended 
number of natural fractures were handled by introducing several approaches to speed up 
the calculation. A parametric study was conducted to delineate important parameters 
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affecting well performance. Simulation results indicated that conductive natural fracture 
largely influence gas production in unconventional reservoirs. The characteristics of 
natural fractures, such as density, length and interaction with hydraulic fractures were 
found to be controlling parameters. It was also found that the inclusion of adsorbed gas 
could result in the total gas production increase up to 25%. Also, comparisons are provided 
with published or commercially available numerical and analytical approaches to verify 
the methodology of this study. 
 The novelty of the method is in the ability to respect the previously identified 
fracture distribution explicitly, either hydraulic or natural, even if the fractures are non-
orthogonal to the horizontal wellbore. Since the approach is semi-analytical, it is easy to 
use and solves the problem in reasonable time using standard computers.   
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NOMENCLATURE 
 
a  Reservoir length, ft 
gB  Gas formation volume factor, rcf/scf 
b  Reservoir width, ft 
tc  Compressibility, psi
-1 
cD  Fractal dimension of fracture center distribution 
lD  Fractal dimension of fracture length distribution 
qD  Multi-fractal dimension  
d  Distance between two points 
G  Original gas in place, scf 
pG  Cumulative gas produced, scf 
h  Reservoir thickness, ft 
k  Reservoir permeability, md 
L  Domain size 
M  Location of the observed pressure drop 
wM  Location of the source 
N  Number of fractures 
p  Pressure, psi 
Lp  Langmuir pressure, psi 
 viii 
 
p  Average pressure, psi 
p  Pressure drop, psi 
q  Withdrawal rate per unit length, area or volume of source 
dq  Degree of dimension 
S  Source function 
gS  Gas saturation, fraction 
sr  Scale ratio 
t  Flowing time  
adsV  Gas volume which can be adsorbed by a rock of unit mass, scf/ton 
BV  Rock bulk volume, scf 
LV  Langmuir volume, scf 
x  Distance from the source 
zyx ,,  Coordinates in x, y and z direction 
z  Gas deviation factor 
*z  King’s gas deviation factor for free and adsorbed gas 
 
Greek 
  Fracture density 
  Formation porosity, fraction 
  Hydraulic diffusivity constant, zoryxj
c
k j
j ,, 

  
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  Fluid viscosity, cp 
  Dummy variable of integration 
 
Subscripts 
0  Source location 
2,1  Initial and end points 
f  Slab source thickness 
i  Initial 
sc  Standard conditions 
zyx ,,  Direction of permeability axis 
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CHAPTER I  
INTRODUCTION 
 
1.1 Background 
According to the 2014 EIA statistics, natural gas production from shale and tight oil plays 
accounted for 48% of US natural gas production and this number is expected to grow to 
69% in 2040 (Fig. 1). These unconventional resources are hydrocarbon reservoirs that 
usually have low permeability and porosity, and often enhanced recovery techniques must 
be performed to get the hydrocarbon out of them. Multi-stage hydraulic fracturing in 
horizontal wells has been applied to develop these shale/tight sands, mainly since the huge 
success of Barnett Shale and rising of oil price in 2005. 
 In tight gas or shale reservoirs, natural fractures are widely observed.  
Naturally fractured reservoir is a reservoir, where naturally occurring fractures have a 
significant effect on flow rates and recovery. These natural fractures could be open and 
reactivated during hydraulic fracturing or sealed by cement. When hydraulic fractures 
encounter natural fractures, if the natural fractures are conductive, they will contribute to 
production. 
 The existence of conductive natural fractures provide a larger drainage by creating 
a complex network. The statistical nature of natural fracture networks changes the flow 
characteristics from that of a single linear fracture. So simply using single linear fracture 
model for individual fractures, and then summing the flow from each fracture as the total 
flow rate for the network could introduce a significant error. 
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 Although most of the solutions to the flow problem in porous media have been 
investigated in a similar case as in the heat transfer and the solution is originated from the 
heat transfer, Gringarten and Ramey’s (1973) work is the first application of the Green’s 
function and the approach of source function to the problem of unsteady-state fluid flow 
in the reservoirs. The application of the source and Green’s function later extended to the 
unsteady-state pressure distribution for more complex well completion schematics by 
others (Cinco-Ley et al. 1978; Cinco-Ley et al. 1981; Raghavan and Hadinoto 1978). In 
this study, we present a methodology to predict the performance of horizontal wells with 
multi-stage fractures in naturally fractured formations. To reflect heterogeneous nature of 
natural fractures, a stochastic method of generating discrete fracture networks is applied. 
The fractal discrete fracture network model (FDFN) incorporates the various scale-
dependent data, such as outcrops, logs and cores and creates more realistic natural fracture 
networks. We combine FDFN model with a slab source model to solve the flow problem 
in complex fracture systems. The fractures, natural or hydraulically induced, are treated 
as a series of sources. The analytical solution of superposed slab sources provides the 
overall flow from the fracture system created by FDFN with hydraulic fractures integrated 
in the system.  
 Extended number of natural fractures were handled by introducing several 
approaches to speed up the calculation.  
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Fig. 1—US Natural gas production. 
 
1.2 Literature Review 
1.2.1 Source functions 
Gringarten and Ramey (1973) were the first ones to apply the Green’s and source function 
to the reservoir flow problems. They introduced the original work of Carslaw and Jaeger 
(1959)’s famous book, Conduction of heat in solids, to petroleum industry and provided 
tables of instantaneous source functions under various boundary conditions which can be 
used to generate solutions for a wide variety of problems. 
 Over the past several decades, Gringarten’s source function has been extensively 
used in solving flow problems in porous media, especially in pressure transient analysis 
area. Gringarten et al. (1974) applied the Green’s function to the unsteady state pressure 
distribution created by a vertical fractured well with infinite conductivity fracture. By 
dividing the fracture into N segments, a series of equations had been solved to calculate 
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the pressure distribution and contribution of each segment to the total flow by assuming 
each segment as a uniform flux source.  
 By integrating the point source to line source, Babu and Odeh (1989) developed a 
line source solution to predict horizontal well performance in a closed reservoir. The 
model is under pseudosteady-state condition. One of the limitations of this method is the 
well must be parallel to the reservoir boundary.    
 The application of point source solution was presented by Ozkan et al. (1995). He 
developed point source solution in Laplace domain in order to remove the limitations of 
the Gringarten and Ramey’s model in considering the wellbore storage and skin effects.  
  Lin (2010) used source approach to predict the performance of horizontal wells 
with multiple hydraulic fractures. The main difference between all the others’ work and 
her work is that she used “slab source” approach, which will be explained in detail later. 
 Guo et al. (1994) also used source function to analyze the pressure transient 
solutions for a horizontal well which intersects multiple fractures. He used plane source 
and integration to represent randomly distributed fractures but the interactions between 
the fractures were not considered.  
 More recently, Zeng and Zhao (2009) applied source function to compute pressure 
response in a reservoir with discrete fractures. Their approach is to divide the reservoir as 
two sub systems of fracture and matrix, and to solve the partial differential equation in 
Laplace space by applying various boundary conditions. Their work is limited to vertical 
well and parallel fractures. 
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1.2.2 Representation of natural fractures 
There are largely 3 methods to represent natural fractures in studying the flow problems 
in the reservoir (Fig. 2). 
 The first one is the Discrete Fracture Network (DFN) method. It tries to honor the 
actual location, geometry of natural fractures. Therefore it is closer to the reality and 
fracture connectivity is well handled. It treats the fractures explicitly with high-
permeability grid cells. So to represent non-orthogonal fracture networks, unstructured 
grids are needed and sometimes this could lead to heavy computation.  
 Second is the Dual Porosity approach. It is a concept developed by Warren and 
Root (1963) to simplify and idealize the fracture patterns as match-stick or sugar-cube, 
and to honor the existence of two distinguished continuum, matrix and fracture. In dual 
porosity approach, after simplifying natural fracture patterns, the effects of them are 
considered as shape factor for the whole reservoir. Therefore the calculation speed could 
be faster than discrete fracture network method.  
 Third approach is combined methods of discrete fracture network and dual 
porosity concept, which takes advantage of both methods to speed up the calculation. It 
captures the effect of fractures by upscaling a discrete fracture network model into a dual-
porosity reservoir model, and by enhancing the permeability of stimulated reservoir.  
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Fig. 2—Representation of natural fractures. 
 
 Although this approach provides a quick estimate of well productivity, they 
compromise the direct link between fracture configuration and well production (due to 
upscaling), which limits insight into the performance of the fracture network. Although it 
is not easy to honor discrete fracture network, the researchers have tried several 
approaches to handle it in commercial numerical simulators like Eclipse and CMG. 
 In Cartesian grid system, very fine local grids and enhanced permeability input are 
needed to represent fractures, either hydraulic fractures or natural fractures. This job needs 
to be done manually one by one for each fracture. It takes time but can be handled when 
all the fractures are parallel to x or y direction because we can just repeat the same 
procedure for all the fractures. But when we have non-orthogonal fractures in the system, 
describing fracture network has to be done basically grid by grid considering the geometry 
of fractures. Since the length, direction of each fracture is different, refinement is 
challenging for each fracture.  We need to be very careful in modifying the grids, making 
sure that we’re following the right fracture geometry. It is extremely time consuming. 
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 The advanced gridding for fractured reservoirs uses unstructured grid, such as the 
one presented in Schlumberger’s Mangrove, a fairly new software which is used for 
fracture treatment design and performance estimation (Fig. 3). Therefore, it is believed 
that there is no easy way to directly incorporate discrete fracture network model into 
widely used commercial numerical simulators and it leads to the motivation of this project, 
using semi-analytical approach to describe natural fracture network in the flow problem. 
 
Fig. 3—DFN representation in commercial numerical simulators. 
 
1.3 Objective and Approach 
The objectives of the study are 
1. Develop a methodology to predict the performance of horizontal wells with multiple 
transverse fractures in a naturally fractured reservoir by  
 Using source function and superposition method. 
 Applying a suitable natural fractures generation model.  
 Improving the calculation efficiency. 
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2. Establish a relationship between well performance and the characteristics of natural 
fractures. 
3. Apply the new method as an optimization tool to obtain the best completion scheme for 
a given natural fracture cases. 
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CHAPTER II  
MODEL DEVELOPMENT 
 
The source function approach has long been used to solve various problems in 
petroleum industry. This chapter discusses the basic concept of source function. Among 
several forms of sources, a semi-analytical slab source developed to solve the fractured 
well problems in finite reservoir is first introduced. A plane source to handle the fractures 
which are non-orthogonally located with the boundaries of the reservoir is also presented. 
We then introduce the generation of natural fracture system, which will be used as a prior 
template for hydraulic fracture treatment. Combining hydraulic and natural fractures and 
building a complex fracture system follows. The approach to account for the adsorbed gas 
in the shale reservoir is presented. We will also discuss the computation efficiency issue.  
 
2.1 Source Function Method 
The flow problem of a single-phase incompressible fluid in a porous media is described 
by diffusivity equation. The diffusivity equation for a homogeneous medium is simply 
written as 
 
t
p
k
c
x
p t




 
2
2
 (2.1) 
 There are many techniques to solve this diffusivity equation, such as Laplace 
transform and Fourier transform, and source function method is one of them. The solution 
from source function method for transient flow in a porous medium is the pressure that 
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would be created at certain point of a reservoir, by an instantaneously applied source at 
some other point of the reservoir. Sources/sinks are simply production/injection wells in 
petroleum engineering. As shown in Fig. 4, the pressure difference at point M (observer) 
in the reservoir at certain time t  is due to a source of q  at the well, which is a point wM , 
at time  . And the relationship between the pressure difference and the source of q is 
represented by source function S.  
 
Fig. 4—Schematic of source function method. 
   

dtMSMq
c
q
tMpptMp
t
w
t
i ),(),(,),(
0
   (2.2) 
 The source function S in the above equation is the integral of green’s function G. 
 
wD
ww dMtMMGtMS ),,(),(  (2.3) 
 The advantage of using source function method is that S is known for many types 
of sources, such as point, line and plane at the defined boundary conditions. Gringarten 
and Ramey (1973) first introduced this method into petroleum industry, honoring the 
original work of Carslaw and Jaeger (1959). Table 1 summarizes known basic 
instantaneous source functions S in infinite reservoirs.  
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Table 1—Basic instantaneous source functions S in infinite reservoirs. Adapted from Gringarten 
and Ramey, 1973. 
Type of source Instantaneous source function 
Point source 
  





t
d
t
S
 4
exp
8
1 2
2/3
 
 
Infinite line source 







t
r
t
S
rr  4
exp
4
1 2
 
 
Infinite plane source 





 

t
xx
t
S
x
o
x
 4
)(
exp
2
1 2
 
 
Infinite slab source 







 



t
xxx
erf
t
xxx
erfS
x
of
x
of
 2
)(
2
)(
2
1
 
 
 
 For a three-dimensional problem, the solution can also be solved easily with this 
approach. The diffusivity equation in one-dimensional anisotropic medium is written as 
 
t
p
c
z
p
k
y
p
k
x
p
k tzyx












2
2
2
2
2
2
 
(2.4) 
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 Newman (1936) has shown that the solution of a three-dimensional problem is 
equal to the product of the solutions of three one-dimensional problems. In other words, 
the instantaneous Green’s function for a reservoir that can be visualized as the intersection 
of one-dimensional reservoirs is equal to the product of the instantaneous Green’s 
functions for each one-dimensional reservoir.  
 )()()(),,,( tStStStzyxS zyx   (2.5) 
 Therefore, we need to consider only a limited number of basic one-dimensional 
sources, such as plane source, in dealing with three-dimensional reservoir problems, for 
which instantaneous source functions will be obtained by product.  
 
2.2 Slab Source Solution 
2.2.1 Slab source approach for single fracture 
The slab in the slab source approach is a box-shaped object, known as rectangular 
parallelepiped or a rectangular cuboid. A slab source in three-dimensional finite domain 
is considered as the intersection of three one-dimensional perpendicular slab sources in x, 
y and z direction (Fig. 5). A slab source in one-dimensional space is an infinite plane 
which has finite thickness. Therefore, the final source function, S, can be obtained by 
multiplying three one-dimensional slab sources, yx SS , and zS together following 
Newman’s method (Eq. 2.5). 
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Fig. 5—A slab source in three-dimensional finite domain as a multiplication of three one-
dimensional infinite slab sources. 
 
   
 The boundary condition of this approach can be constant pressure, no-flow or 
mixed boundary, which makes the solution practical to a wide range of flow problems in 
petroleum engineering. Table 2 summarizes the basic instantaneous source functions for 
an infinite slab source in an infinite slab reservoir. 
 
Table 2—Basic instantaneous source functions for an infinite slab source in an infinite slab 
reservoir. Adapted from Gringarten and Ramey, 1973. 
Boundary 
conditions 
Instantaneous source function 
No flow at x=0, 
x=a 














 


2
22
0
1
expcoscos
2
sin
14
1
a
kn
a
xn
a
xn
a
xn
nx
a
a
x
S x
n
f
f
f
x



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Table 2 Continued 
Boundary 
conditions 
Instantaneous source function 
Constant pressure 
at x=0, x=a 


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No flow at x=0, 
constant pressure at 
x=a 
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
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1
8
n x
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
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

 
 
 
 If no flow boundary condition is assumed, the pressure distribution in a reservoir 
having dimensions of a, b, and h due to the small source in the middle of the domain as in 
Fig. 6 is calculated by 
     
t
zyx
t
i dSSS
c
q
tzyxppp
0
,,, 

 (2.6) 
 Here, the source functions in x, y and z directions are 
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
 (2.7) 
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In the above equations, 00 , yx and 0z are the location of a source and fff zyx ,, are 
the widths of the source, respectively.  
 
Fig. 6—Schematic of a slab source in three-dimensional domain. 
 
 The advantage about the slab source approach is that it is simple to use without the 
integration of Eq. 2.4 and it enables the calculation of pressure at the point of source. The 
solution from this technique applies to both transient flow and stabilized flow. Also, the 
slab source approach can handle various geometries of interest. The geometries can be a 
vertical well, a horizontal well, a slanted well, a single hydraulic fracture or multiple 
hydraulic fractures. For example, if we want to calculate the pressure drop inside the 
reservoir due to production through single hydraulic fracture, which is a source, we simply 
need to follow the procedures as,  
Step 1 - Obtain instantaneous one-dimensional slab source under defined boundary 
conditions in x, y and z directions. 
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Step 2 – Multiply one-dimensional solutions in x, y and z directions and derive a three-
dimensional solution. 
Step 3 - Integrate obtained three-dimensional solution over time since the source is 
continuous.  
Step 4 - Integrate the solution over the geometry of our interest, a single hydraulic fracture 
in this case, to accommodate the actual volume of the source. 
 In Fig. 7, the procedure for applying slab source function method to solve real 
reservoir problems is summarized.   
 
Fig. 7—Flow chart of source function method. 
 
 As an example, the pressure solution for a slab source representing a fracture as in 
Fig. 8 can be written as, 
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      
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z
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y
x
x
zyx
t
i dxdydzdSSS
c
q
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2
1
2
1
2
1
)(,,, 

 (2.8) 
 As we discussed, the source function is integrated for the time to give continuous 
solution and for the space to give the geometry of the fracture. The final solution of Eq. 
2.8 in oil field unit is concluded as follows (Eq. 2.9). 
 
 
Fig. 8—Schematic of a single fracture in three-dimensional domain. 
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The each elements on the right hand side of Eq. 2.9 is the obtained after the 
integration in time and space. 
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where, tc 73.158 . The solutions for the other boundary conditions are summarized 
in Appendix I. 
 
2.2.2 Source function approach for multiple fractures 
The analytical solution for fractured wells have been first developed by Gringarten et al. 
(1974a, 1974b) for the uniform flux and infinite conductivity fractures. With the uniform 
flux solution, the flow per unit of fracture surface is assumed constant along the fracture 
length, while the infinite conductivity model is based on the assumption that the pressure 
is uniform in the fracture. The solutions are obtained by dividing the fracture length into 
M segments, and using the Green’s function and Newman’s product solution method.  
This segment approach can be extended to calculate the pressure response in a reservoir 
where multiple hydraulic fractures are located.  
  As a start for multiple fractures case, we have simplified two fractures case (Fig. 
9a). We are assuming all the flows from the reservoir are occurring through the fractures. 
If we place fracture #1 in the system, this will cause pressure change and then, a flow of 
q1 at its location. This q1 causes subsequent pressure changes in the entire domain. If we 
put fracture #2 into the system, this will generate flow rate q2 and affect the pressures at 
the locations of fracture #1 and fracture #2 as well.  
 Therefore, each fracture should be treated as an individual source. And the pressure 
changes at each fracture should be the sum of the pressure drops caused by all the fractures 
in the system. The problem can be solved under the constant flow rate or constant wellbore 
pressure constrains. 
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 Let us make segments for the fractures to sub-sources (Fig. 9b), then the pressure 
change at segment i as a result of each segment producing at a constant rate of qj is 
evaluated by multiplying qj with ),( jiF . 
 


n
j
jini jiFqtipp
1
),(),(   (2.10) 
where ),( jiF represents the continuous source functions for the geometry of our interest 
and  is a coefficient.  
  (2.11) 
 For this two fractures case, the pressure change at each segment i is summarized 
as follows: 
 
 
 )2,2()1,2(
)2,1()1,1(
212
211
FqFqpp
FqFqpp
i
i




 (2.12) 
 
 
                                                                (a)                                                      (b) 
Fig. 9—Multiple hydraulic fractures in three-dimensional domain. 
 
 To account for the infinite conductivity condition for fracture, we need to divide 
the fracture into segments following the approach of Gringarten et al. (1974a, 1974b). For 
  dxdydzdsssjiF
z
z
y
y
x
x
t
zyx    
2
1
2
1
2
1 0
),(
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example, as shown in Fig. 9b, we have two fractures in the reservoir, each has 9 (3 by 3) 
segments in it. The segments are in contact with each other inside the fracture and each 
segment will cause a flow rate from the reservoir. Because of the flow rate in the segment 
#1, the pressure for the other 17 segments will change. This pressure change as a result of 
flow rate q1 is calculated using Eq. 2.9. Therefore, this results in 18 ),1( jF  terms, one 
term per each segment, such as   )1,18(,),1,2(,1,1 111 FqFqFq  . The pressure changes are 
calculated at the middle of each fracture segment. 
 Similarly, the flow rate of the second segment, q2, will change the pressure 
distribution in the other 17 segments, giving additional 18 ),2( jF  terms. By repeating 
this procedure for all 18 segments, we can obtain 18 by 18 ),( jiF  terms. By using 
superposition principle in space, a system of linear equations is obtained.  
     
  
 
 
 
  
 
(2.13) 
 
where, qj is a constant flow rate into segment j and ∆pi is the pressure drop calculated at 
segment i as a result of the production into every segment. The total production from the 
1321 ),1(...)3,1()2,1()1,1( pNFqFqFqFq N 
2321 ),2(...)3,2()2,2()1,2( pNFqFqFqFq N 
3321 ),3(...)3,3()2,3()1,3( pNFqFqFqFq N 
NN pNNFqNFqNFqNFq  ),(...)3,()2,()1,( 321
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fracture is either the sum of production from each segment or the constant production rate 
constraint.  
 


N
j
totalj qq
1
 (2.14) 
 The fractures could be in uniform flux, infinite conductivity or finite conductivity 
boundary condition (inner boundary condition). Constant flow rate or constant wellbore 
pressure can be applied as a well constraint (outer boundary condition) to solve the system 
of linear equations (Eq. 2.13). If infinite conductivity fracture is assumed, the wellbore 
pressure is constant along the fracture (Eq. 2.15), and therefore, flow rate for each segment 
qj can be obtained by solving Eq. 2.13.  
 wfN pppp  21  (2.15) 
  If finite conductivity is assumed, pressure drop inside fractures can be calculated 
with defined conductivity (fracture permeability). 
 
2.3 Plane Source Solution 
Natural fractures can be added at any location, direction, pattern or arrangement in the 
reservoir. As an approach to handle these randomly distributed fractures with reduced 
calculation time, a plane source method was introduced. In this approach, fractures is 
regarded as a plane which does not have width. The plane has the initial and end points in 
x and y directions. And by connecting these points and having the fracture height the same 
as the reservoir, a plane which is perpendicular to the surface is created.  Fig. 10 shows a 
schematic of a fracture using the plane source concept.  
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Fig. 10—Schematic of a fracture used in plane source approach. 
 
 As discussed previously, any type of new source function can be derived from 
basic source function shown in Table 1 and Table 2 by product or integration. The 
procedure for obtaining final form of plane sources is defined below. 
First, we start by obtaining a point source in finite reservoir by multiplication of 
three plane sources in finite reservoir. Notice that in the original publication in Table 1 
and Table 2, there is no solution for finite reservoir. Secondly, a line source is obtained 
by integrating a point along line C which connects 2 end points, ),( 11 yx and ),( 22 yx .  
Finally, a plane source is derived by integrating the line source obtained in z direction. 
Fig. 11 shows the schematic of creating plane source by connecting straight lines between 
points.  
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Fig. 11—Schematic of a straight line connecting 2 end points. 
 
 
To show the equations for step 1, the point source in a reservoir size of a, b and h 
in x, y and z direction is given as 
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(2.16) 
For step 2, parameterization of x and y is introduced for integration along a line C. 
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The arc length of the line C on the interval is calculated by 
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The line integral is then 
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By applying properties of trigonometric functions, Eq. 2.19 is summarized to 
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The plane source is finally obtained by integrating the line source in z direction 
from z1 to z2.  
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After integrating with respect to time, Eq. 2.21 is reduces to  
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2.4 Naturally Fractured Reservoir 
2.4.1 Naturally fractured reservoir 
Naturally fractured reservoir is defined as any reservoir in which naturally occurring 
fractures either have or are predicted to have a significant effect on reservoir fluid flow by 
Nelson (2001). Fractures are massive planar discontinuity in formation rocks, which are 
occurred by deformation or diagenesis. Natural fractures are frequently observed in shale 
reservoirs. Actually, many experts believe that we should assume every reservoir is a 
fractured reservoir until the evidence against it is confirmed, which indicates that naturally 
fractured reservoirs are very common (Fig. 12). 
 
 
  
 
 
 
 
 In shale reservoirs, gas production heavily relies on hydraulic fracturing 
stimulation. Natural fracture can play a significant role in it. There are several scenarios 
about natural fractures in shale reservoirs. The most common and advantageous case is 
open natural fractures. They act as conduit and enhance permeability. Natural fractures 
can be reactivated during hydraulic fracturing treatment, providing a larger rock volume 
in contact with the wellbore. But, open natural fractures may not always beneficial. Based 
on the location and dimension, some fracture could cause massive leakoff during fracture 
Fig. 12—Natural fractures. Reprinted from Cardott, 2006. 
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treatment and result in screen out. According to the study by Gale et al. (2010), fractured 
are often found sealed by cement. During a fracture treatment, the hydraulic fractures 
could be terminated due to natural fractures, or change its original path or simply pass 
through the encountered natural fractures (Fig. 13). Even the cores show highly sealed 
natural fractures, it is still possible that natural fractures are open. Cements in the fractures 
are not usually completely combined with grains in the wall, so the fractures act as planes 
of weakness that can reactivate. Fig. 14 shows cores with open and closed natural fractures 
from Barnett shale, Texas (Gale et al. 2010). 
 
Fig. 13—Schematic of fracture interaction: (a) crossing (b) diverting (c) jogging. Reprinted from 
Wang et al. 2013. 
                                                    
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 14—Open and closed natural fractures on cores. Reprinted from Gale et al. 2010. 
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 In this study, we assume the distribution of natural fractures are already existed 
and we only investigate the effects of natural fractures on hydraulically fractured well 
performances. 
 
2.4.2 Fractal discrete fracture network (FDFN) system 
In shale and tight sand reservoirs, extensive natural fracture systems are commonly 
observed. To estimate the well performance in such a reservoir, it is important to 
understand the characteristic structure of the natural fracture system and the impact of the 
natural fracture system to the flow after the well is hydraulically fractured. A stochastic 
method of generating fractal discrete fracture networks (FDFN) is applied in this work 
thanks to the help of Dr.Schechter.  FDFN model was developed by Kim and Schechter 
(2009) originally to incorporate the various scale-dependent data, such as outcrop, log and 
core and predict the porosity of the fractures that have the ability to provide the essential 
storage capacity and permeability in a reservoir.  
 The theories behind the two-dimensional FDFN model vary for different 
parameters. Fracture length distribution is governed by first-order model, which relates 
the number of fractures of certain length to the domain size. Fracture density as a function 
of fractal parameters, expressed by (Davy et al. 1990): 
  (2.23) 
where N(L) is the number of fractures with the length longer than lmin, minimum fracture 
length, L is the domain size, α is the fracture density, which is a constant value regardless 
lc DD
l
lL
D
LN
 min)(

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of the scale of measured or generated domains, Dc is a fractal dimension of fracture center 
distribution and Dl is a fractal dimension of the length distribution.  
 Fracture centers are generated by multiplicative cascade model. This iterative 
process divides a domain into smaller subdomains until the number of subdomains reaches 
the optimum number based on desired resolution of the domain and randomly assigns 
probability into each subdomain. The probabilities are calculated by (Darcel et al. 2003), 
 



n
i
Dq
q
i
qd
d
sr
P
1
)1(
1
)/1(
 (2.24) 
where, Pi is a probability, sr is the scale ratio (ratio between the side lengths of a parent 
domain and subdomain), and Dq is a multi-fractal dimension. In Eq. 2.25, qd is the degree 
of dimension, and it is set to 2 in this case. Fig. 15 is an example of fracture center 
distribution using multiplicative cascade process. It is observed that the fracture centers 
are relatively uniformly distributed within the reservoir. And as we can see from the top 
left corner, some fractures are more clustered together than others, which resemble the 
nature of natural fractures. 
  
 
Fig. 15—Fracture center distribution generated by a multiplicative cascade process. Reprinted from 
Darcel et al. 2003. 
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 Fracture orientation is obtained by Fisher distribution (Priest 1993). It relates the 
extent of deviation from the given mean value with the constant obtained by analyzing 
field data such as outcrop maps. The previously developed model can handle up to 3 
distinct orientations. In FDFN model, unlike other fracture generation models, fracture is 
not considered as smooth parallel plates. It generates a profile of fracture aperture for each 
fracture using Brownian model (Voss 1988) instead of having a single value, creating 
more realistic natural fractures as a result. Table 3 is a summary of some of necessary 
input values for generating one fracture network model. 
Table 3—Necessary input values for FDFN generation. 
Definition  Typical Values 
Fracture Length, Numbers 
Side length of generation domain L  
Minimum fracture length Lmin  
Fractal dimension of fracture center distribution Dc 1 ~ 3 
Fractal dimension of fracture length distribution Dl 1 ~ 3 
Fracture density α 1 ~ 10 
Fracture Orientation 
Number of fracture sets nSet 1 ~ 3 
Orientation of fracture sets FracAngle 1,2,3 0 ~ 180 
Probability of fracture sets OrienProb 1,2,3 Sum = 1 
Fisher constant K  
 
 Fig. 16 shows the natural fracture systems examples generated by FDFN model. 
Several parameters can be used to characterize the natural fracture system such as lmin and 
. Fig. 16 illustrates the effects of lmin, the minimum fracture length, and , the fracture 
density parameter, on the FDFN generated fracture systems. All three examples have the 
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same reservoir size (L=3218 ft). It shows that when lmin is large but  is small (Fig. 16a), 
the natural fractures are long but sparse with mainly 2 dominating directions. They are 
only connected with crossing fractures. On Fig. 16b, it shows many short natural fractures 
(low lmin) which are scattered over the entire reservoir. There are places where the fractures 
are gathered, but the main connectivity is not seen. On Fig. 16c, relatively long, dense 
natural fractures are observed with good connectivity. Obviously, the three natural fracture 
systems will affect the flow rate of fractured horizontal well differently. The performance 
of horizontal well with multiple transverse fractures can be estimated by combining this 
natural fracture network system with hydraulic fracture system. 
 
                                                                     (a)                                                    (b) 
                                                                                                                                                                                                                                                                                 
(c) 
 Fig. 16—Natural fracture systems generated using FDFN. 
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2.5 Building and Solving Complex Fracture System 
By combination of the source method for fractured well flow problem and the FDFN for 
creating natural fracture network, we can predict well performance in complex fracture 
systems. To build a complex fracture system we first generate natural fracture network 
using FDFN method and then, we add horizontal wellbore and multiple transverse 
fractures to the natural fracture system.  
 After building the fracture system, with the assumption that all the reservoir flow 
occurs through fractures only and the reservoir does not directly contribute to the wellbore, 
the connectivity between the hydraulic fracture and the natural fractures, and the 
connectivity among the created natural fractures need to be identified. The main objective 
here is to eliminate all the isolated natural fractures which are not connected to any 
hydraulic fracture or to the natural fractures that are connected to the hydraulic fractures. 
To achieve this, we start from the hydraulic fractures and identify the natural fractures 
which intersect with any of hydraulic fracture. After that, the intersecting natural fractures 
become the 1st set of natural fracture system and the natural fractures which cross with 
this 1st set of natural fractures becomes the 2nd set of natural fractures. Next, natural 
fractures which meet with 2nd set of natural fractures become 3rd set of fractures and this 
identification process is repeated until the entire domain is covered. We are interested in 
only these intersecting sets, and the natural fractures which are not included in these sets 
are simply eliminated. Fig. 17 briefly shows this concept. On Fig. 17, the grey lines 
represent horizontal wellbore and multiple transverse hydraulic fractures. Fig. 17a is the 
natural fracture system before the identification procedure and. Fig. 17b is the system after 
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the identification process. On Fig. 17b, blue lines are the natural fractures which are 
directly connected to the hydraulic fractures and they are the 1st set of natural fractures. 
Green lines are natural fractures which intersect with the 1st set of natural fractures and 
they become the 2nd set of natural fractures. 
 
                                         (a)                                                   (b) 
Fig. 17—Conceptual identification of fracture connectivity. 
 
 All the identified intersecting natural fractures and hydraulic fractures are 
considered as separate sources. And each fracture is divided into several segments as 
mentioned earlier for slab source approach. For example, if we have 20 intersecting natural 
fractures and 10 hydraulic fractures, and if we make 25 segments for each fracture, we 
have 750 (25 x 30) individual sources. This becomes a set of 750 linear equations (a matrix 
of 750 x 750) which needs to be solved to calculate the flow rate. After solving the set of 
linear equations, the flow rate of each segment is summed up back to the fracture where 
the segment belongs. Finally, the flow rate of intersecting natural fracture is distributed 
into hydraulic fractures which the natural fracture intersects with. 
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2.6 Non-orthogonally Intersecting Natural and Hydraulic Fracture System 
The multiple transverse hydraulic fractures combined with natural fractures create 
complex fracture networks. In real life, these fractures are more likely intersected non-
orthogonally. Because one of the assumptions for the slab source solution is that the 
sources are parallel to the boundary of the domain, we need to modify the system before 
solving the flow equations. A simplified fracture system is used here to illustrate the 
approach of using the slab source model to estimate flow rate in such a system.  
 Fig. 18 shows an example of complex fracture system. Four hydraulic fractures 
and four natural fractures are placed in the domain. Natural fracture #1 and #2 intersect 
two hydraulic fractures, and natural fracture #3 and #4 only intersect one hydraulic 
fracture. The natural fractures are local sources providing a flow rate at the locations where 
they intercept with hydraulic fractures. If a natural fracture intercepts more than one 
hydraulic fracture, the flow rate from the natural fracture is allocated to all the intersected 
hydraulic fractures at the location it crosses the hydraulic fractures. To relax the restriction 
of orthogonal source in a box-shaped reservoir in a Cartesian coordinate system, we set 
the hydraulic fractures orthogonal to the reservoir domain. We divide the natural fractures 
into two groups, either a series of vertical sources, or a series of horizontal sources, 
depending on the intersecting angle of the fracture. If the intersecting angle is higher than 
45°, then the fracture becomes a series of vertical sources; correspondingly, if the 
intersecting angle is smaller than 45°, then the fracture becomes a series of horizontal 
sources. For example, natural fracture #1 intersects hydraulic fractures #1 and #2 with an 
angle higher than 45°, and then it becomes 5 vertical sources. After calculating the flow 
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rate, the total rate from natural fracture #1 is evenly distributed between hydraulic 
fractures #1 and #2. Similarly, natural fracture #2 is divided to 5 horizontal sources, and 
the rate is split between hydraulic fractures #3 and #4.  
 
Fig. 18—Schematic of handling non-orthogonally intersecting fractures. 
 
 
 
 Hydraulic fractures are the main fractures and the natural fractures are branch 
fractures which only connect with the main fractures, not the wellbore. Therefore, the fluid 
inside the main fracture flows from the reservoir to the wellbore. The fluid inside the 
branch fractures flows from the reservoir to the main fractures, and then flows to the 
wellbore with the fluid from the main fracture. The total flow from the well will be the 
sum of all fracture sources in the domain. 
 With the procedure, the size of the system of equations can quickly become large, 
and extensive computation can be involved.  Even though, the approach still has advantage 
of flexibility of handling numerous fractures especially when there are many small 
fractures in the system. If using reservoir numerical simulation approaches, the gridding 
 39 
 
systems have to be verified to handle the fractures. Since there is no gridding in the source 
approach, the fracture size does not affect the computation time. 
 
2.7 Gas Adsorption Phenomena 
2.7.1 Adsorbed Gas 
In shale, it is believed that gas is stored in two ways: as free gas and adsorbed gas. Free 
gas is stored within micro-pores and natural fractures, which is the conventional concept 
for the gas. Adsorbed gas is the gas which is adsorbed on the surface of matrix in shale by 
adsorption phenomena (Fig. 19, Song 2010). Adsorption is the adhesion of atoms, ions or 
molecules from a gas, liquid or dissolved solid to a surface due to the surface energy, 
similar to surface tension.  
 
Fig. 19—Gas storage mechanism. Reprinted from Song, 2010. 
 
 40 
 
 For the flow of gas in shale reservoir, free gas flows through matrix pores into the 
fracture system by Darcy’s law. Adsorbed gas desorbs from the matrix surface when pore 
pressure decreases and diffuses to the pore spaces. It then becomes free gas and follows 
the same transportation mechanism through matrix and fractures (Fig. 20). This diffusion 
is most popularly explained by Fick’s law. But, applying Fick’s law to accommodate the 
flow of adsorbed gas is beyond the scope of this project, a novel approach using material 
balance is applied.  
 
Fig. 20—Gas transportation mechanism. Reprinted from Song, 2010. 
 
2.7.2 Gas Adsorption/Desorption Model 
The Langmuir model is the most commonly used models for quantifying the description 
of gas adsorption/desorption. Adsorbed gas is represented by 
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pp
pV
V
L
L
ads

  (2.25) 
where, adsV [scf/ton] is the gas volume which can be adsorbed by a rock of unit mass, LV
[scf] is Langmuir volume; the maximum gas volume which can be adsorbed. Lp [psi] is 
Langmuir pressure, at which half of Langmuir volume gas can be adsorbed and p [psi] is 
random pressure. The Langmuir model assumes that temperature is constant. Therefore, 
the graph, which shows the relationship between adsorbed gas and pressure, is usually 
called Langmuir isotherm (Fig. 21a). As indicated in Eq. 2. 26, it is Langmuir pressure 
and Langmuir volume that controls the gas desorption behavior and these values can be 
obtained by core lab experiments. 
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Fig. 21—(a) Langmuir Isotherm (b) Free, adsorbed and total gas content vs pressure. 
 
 
2.7.3 Material Balance 
In the previous study by Mengal and Wattenbarger (2011), it was concluded that the OGIP 
estimates can be increased up to 30% when adsorbed gas is included. At high pressure, 
the adsorbed gas are not produced much, but as pressure decreases, the desorption 
increases and it eventually produces more gas (Fig. 21b). As in Mengal and 
Wattenbarger’s research (2011), using of modified material balance was introduced. With 
the average pressure using modified material balance, the flow rate of adsorbed gas is 
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easily obtained (Eq. 2.27) and the difference of adsorbed gas for each time-step becomes 
desorbed gas production (Eq. 2.28).  
 
 
(2.26) 
 
𝑞𝑎𝑑𝑠 = 𝑉𝐵𝑉𝐿 [
𝑃1̅̅̅
𝑃1̅̅̅ + 𝑃𝐿
−
𝑃2̅̅ ̅
𝑃2̅̅ ̅ + 𝑃𝐿
] 
(2.27) 
  Modified material balance calculation starts from including adsorbed gas in the 
calculation of OGIP (Eq. 2.29).  
 
 
(2.28) 
  King (1990), presented a modified material balance technique to estimate the 
OGIP and to predict the future performance of the well for coal seams in Devonian shale 
including adsorbed gas. The technique works just like the conventional method, where p/z 
straight line plot is used to estimate OGIP (Eq. 2.30). But as in Fig. 22, instead of z, 
modified z* is used to include the adsorbed gas (Eq. 2.31).  
 
 
(2.29) 
 
 
(2.30) 
 
              𝐺𝐼𝑃𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑑 = 𝑉𝐵 (𝑉𝐿
?̅?
?̅?+𝑃𝐿
)    
𝐺 = 𝑉𝐵 [
𝜙𝑆𝑔𝑖
𝐵𝑔𝑖
+ 𝑉𝐿
𝑃𝑖
𝑃𝑖 + 𝑃𝐿
] 
?̅?
𝑧̅∗
=
𝑃𝑖
𝑧𝑖∗
[1 −
𝐺𝑃
𝐺
] 
𝑧∗ =
𝑧
𝑆𝑔 +
𝑉𝐿𝑇𝑝𝑠𝑐𝑧
𝜙(𝑃 + 𝑃𝐿)𝑇𝑠𝑐𝑧𝑠𝑐
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Fig. 22—p/z* and p/z vs Gp plot. Reprinted from King, 1990. 
 
 Fig. 23 summarizes the procedure for adsorbed gas production. First, we consider 
all the production from source function method is free gas production. Then, we assume 
certain level of adsorbed gas production, for example, about 5% of free gas production. 
Now, we can calculate cumulative production, Gp, and can get the ?̅?/𝑧 ∗̅ . Since the 
compressibility factor 𝑧∗̅ itself is a function of pressure, we cannot get average pressure, 
?̅?  directly. Instead, we again assume  ?̅? , and obtain 𝑧∗̅   and compare the values with 
previously obtained  ?̅?/𝑧∗̅. If they are in close proximity, we use the value of  ?̅? . If not, 
we update ?̅? until we get close enough value. After ?̅? is calculated, the adsorbed gas can 
be easily calculated. But this is not the final result, since we started from assuming 
adsorbed gas production. If calculated adsorbed gas production is close to the assumed 
value at the beginning, we calculated the correct amount of the adsorbed gas production. 
If not, we update the assumed adsorbed gas production and iterate this process again. It 
usually takes within 5 iteration until we get reasonable adsorbed gas production. 
 
 45 
 
 
Fig. 23—Flow chart for adsorbed gas production calculation. 
 
 
 
2.8 Effort to Improve Computation Efficiency 
As the number of hydraulic fractures and natural fractures increases, the problem size of 
the systems of linear equations, which is determined by the number of total sources, 
becomes large and the computational time increases almost exponentially. As a starting 
point of effort to speed up the calculation, the executed time for each part of the code was 
carefully examined. Most of the computational time was spent on calculation of source 
function term, F and constructing the matrix (88~90% of the total execution time). The 
remaining time (9~10%) was on solving the source function matrix. It was predicted since 
the calculation of source function term, F, is actually the key component in this program. 
 Three kinds of approaches were taken to increase the computational efficiency. 
The first one is about constructing the source function matrix. Parallelization of parts of 
the code was conducted to exploit the multi-core hardware. The analytical solution of 
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source function method was rearranged and slightly modified in more efficient way so that 
redundant and unnecessary calculation can be removed. Second, even solving the source 
function matrix takes about 10% of total calculation time, it was tried to reduce that time 
as much as possible by adopting LAPACK, a highly optimized public library, in solving 
the source function matrix. The third approach is to run the program in time-reducing way 
such as utilizing “O3 optimization” and not carrying intermediate debugging values. 
 
2.8.1 Parallelization of The Code 
Most PCs and laptops are multi-core, multi-threads machines these days. The concept of 
parallelism is to utilize every possible hardware features favorably. As shown on Fig. 24a, 
for a 8-core machine, if only 1 core is working, the remaining 7 cores are idling unless the 
command to work is made to the 7 cores and we waste most of the computational power. 
But by parallelism, it is possible to make all the cores to work (Fig. 24b) by giving them 
assignments. In our program, Openmp was applied for the source function term 
calculation. For example, if we have 100 sources and use one core in the calculation, then 
one core has to calculate the source terms 10000 times repeatedly. If we can command 8 
cores to work, then each and every core does 1250 calculations and the total executed time 
can be greatly reduced.  
      
 
Fig. 24—Concept of parallelism (a) Before (a) After. 
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2.8.2 Comparison of Computation Time 
Table 4 is the summary of time elapsed before and after the effort of time reduction. For 
64 natural fractures and 20 hydraulic fractures, 224 sources were identified after 
examining intersection. 1 cycle of calculation involves 9 repeated production rate and 
pressure calculation at time 10, 50, 100, 250, 500, 1000, 2000, 5000 and 10000 days. The 
processor for the desktop used has a clock speed of 2.66 GHz (Table 5). 
 The calculation time before conducting any work to accelerate the calculation was 
almost 7 hours for this problem size, and it reduced to 10 minutes on the desktop computer 
with 8 threads, threads means number of workers. When it was tested on the 
supercomputer of Texas A&M University using 8 threads, the time further reduced to 6 
minutes.  
 
Table 4—Computation time comparison. 
 Desktop TAMU Supercomputer 
 Before 
Windows Visual Studio IDE; 
Parallelization (Openmp) 
Linux fortran compiler; 
Parallelization (Openmp) 
Elapsed 
Time 
6 hr 52 
min 
nth=1 nth=2 nth=4 nth=8 nth=1 nth=2 nth=4 nth=8 
48 
min 
29 
min 
13 
min 
10 
min 
43 
min 
22 
min 
11 
min 
6 min 
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Table 5—Computer hardware specifications. 
 Desktop Supercomputer at TAMU (EOS) 
Processor Intel Xeon W3520 Intel Xeon 5560 
# of Cores 4 4 
# of Threads 8 8 
Clock Speed 2.66 GHz 2.8 GHz 
Memory 4 GB 24 GB 
System Type 64 bit 64 bit 
 
 By examining the table, we can see the calculation time was almost inversely 
proportional to the number of threads, which kind of follows the theoretical speedup. 
Theoretical speedup means if n number of threads are used, the calculation time should be 
n times faster than using 1 thread. Fig. 25 is the computation time estimation plot based 
on theoretical speedup. X axis is the number of sources and y axis is the time taken for the 
calculation. Blue line is obtained from the actual run, with 20, 50, 224 and 300 sources. 
And red dot line is an estimation by extrapolating the trend following the theoretical 
speedup. So it is estimated that the calculation time would be around 1 hour with 1000 
sources using 8 cores.  
 
Fig. 25—Calculation time estimation plot. 
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CHAPTER III  
VALIDATION 
 
This chapter describes the verification of the model presented in Chapter 2. 
Commercial software and open source software are used for comparison. The purpose of 
this chapter is not to provide the best match of the solutions possible with the software but 
to demonstrate that the model developed in this study provides satisfactory accuracy. 
 
3.1 Simplified Fracture System  
A simplified fracture system was generated to compare the results of source function 
approach and commercial software, CMG®, a reservoir simulator by Computer Modelling 
Group.  
 Gridding is used in reservoir simulation to turn the geological feature of the field 
into a discrete system on which the fluid flow equations can be solved. Cartesian grid 
system is most widely used in conventional three-dimensional reservoir simulation since 
it is easy to set up and to obtain the flow solutions. Certain grids were locally refined to 
represent the fractures which have smaller width. To represent non-orthogonal natural 
fractures, which do not run parallel to the x or y directions, Local Grid Refinement (LGR) 
needs to be conducted manually. This requires extensive time and attention, therefore, a 
simplified fracture system of 2 hydraulic fractures and 2 natural fractures were used.  
 Although LGR were used to represent the non-orthogonal natural fractures, the 
fractures are composed of continuous stepped grids, not exactly a continuous line of grids. 
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Fig. 26 shows the grid system used in CMG and Fig. 27 is the enlarged map which well 
presents the stepped grids. 
 
Fig. 26—Grids used in CMG for simplified fracture system. 
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Fig. 27—Enlarged map in CMG which shows stepped grids. 
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 The input parameters are listed in Table 6. Reservoir is assumed to be 400 ft by 
400 ft wide. Reservoir height is assumed to be 10 ft high. Reservoir permeability is 0.001 
md. Reservoir porosity is 9% and initial pressure is 3000 psi. Gas viscosity is 0.0156 cp 
and gas specific gravity is 0.746. Total compressibility is 0.0006. Horizontal well is 240 
ft long and two hydraulic fractures are 288 ft long. Since the reservoir fluid properties are 
updated as a function of reservoir average pressure, the given data is the value at the 
reference initial reservoir pressure.  
 
Table 6—Input parameters for simplified fracture system. 
Reservoir Size, ft 400 x 400 x 10 
Reservoir Permeability, md 0.001 
Reservoir Porosity, fraction 0.09 
Reservoir Initial Pressure, psi 3000 
Bottom Hole Pressure, psi 1000 
Gas Viscosity, cp 1.56e-2 
Gas Specific Gravity, - 0.746 
Total Compressibility 6.00e-4 
Horizontal Well Length, ft 240 
Number of Hydraulic Fractures 2 
Hydraulic Fracture Length, ft 288 
 
 Comparing the source function approach with CMG, Fig. 28 shows the results of 
the two solutions for the example of 2 hydraulic fractures and 2 natural fractures. 
Constraint of maximum production rate in addition to bottom hole pressure was introduced 
in CMG to follow industry practice and to examine the long term production trend. Both 
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CMG and the source function method presents very similar flow rate trend; a rapid decline 
during first 100 days but a constant, sustainable production for the rest of producing time. 
Fig. 29 presents the cumulative production for both methods. The source function method 
gives slightly higher production rate at the beginning of the production, but it eventually 
yields the same cumulative production with CMG. Since the source function method is a 
semi-analytical approach, there is a limitation with it when compared with a three-
dimensional numerical reservoir simulator. The source function method accommodates 
the varying reservoir fluid properties in its calculation of flow rate and reservoir pressure, 
but the approach and method could be different from the numerical simulators, which 
leads to this small discrepancy. The computation time from CMG is 81 seconds and from 
source function is 19 seconds.  
  
Fig. 28—Gas production rate comparison with CMG and source function method. 
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Fig. 29—Cumulative gas production comparison with CMG and source function method. 
 
 
3.2 Complex Fracture System with FracGen/NFFlow 
A complex fracture system, which has more realistic natural fracture geometries, was 
generated to compare the results of source function approach with an open source software. 
FRACGEN/NFFLOW, a fractured reservoir modeling software developed by National 
Energy Technology Laboratory (NETL) was used as an open source software.  
FRACGEN/NFFLOW is designed to simulate gas flow in naturally-fractured 
reservoirs. FRACGEN generates a stochastic network of discrete fractures that represent 
the main conductor of flow using one of three models: randomly-located fractures, fracture 
swarms, patterns of fractures ranging from regular to uniform to random. All fractures 
extend vertically through the entire height of a layer, which is the same assumption with 
source function approach. NFFLOW handles reservoir simulation with the generated 
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fracture network by FRACGEN. Reservoir modeling with FRACGEN/NFFLOW is 
especially appropriate when  
- The reservoir produces relatively dry gas, with little interference from water or 
oil 
- The reservoir rock (matrix) has less than 1 md permeability 
- Variations in fracture connectivity, density, aperture are the predominant 
factors affecting gas flow 
 
 The complex fracture network used is shown in Fig. 30. Although FRACGEN can 
generate stochastic network of discrete fractures, the fracture network developed by 
combined FDFN model was used for comparison with the source function method. Red 
lines represent hydraulic fractures and green lines represent natural fractures. There exist 
20 hydraulic fractures and 55 natural fractures. The input parameters are summarized in 
Table 7. Reservoir is assumed to be 4000 ft by 2000 ft wide. Reservoir height is assumed 
to be 200 ft high. Reservoir porosity is 9% and initial pressure is 2335 psi. Gas viscosity 
is 0.0156 cp and gas specific gravity is 0.552. Total compressibility is 0.0006. Horizontal 
well is 3000 ft long. All the 20 hydraulic fractures are 1000 ft long. The widths of natural 
fractures are assumed to be 0.032 ft.  
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Fig. 30—Complex fracture system with FRACGEN/NFFLOW. 
 
 
 
Table 7—Input parameters for complex fracture system. 
Reservoir Size, ft 4000 x 2000 x 200 
Reservoir Permeability, md 0.001 
Reservoir Porosity, fraction 0.09 
Reservoir Initial Pressure, psi 2335 
Bottom Hole Pressure, psi 1000 
Gas Viscosity, cp 1.56e-2 
Gas Specific Gravity, - 0.552 
Total Compressibility 6.00e-4 
Horizontal Well Length, ft 3000 
Number of Hydraulic Fractures 20 
Hydraulic Fracture Length, ft 1000 
Natural Fracture Aperture, ft 0.032 
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 The NFFLOW, the reservoir simulator part of FRACGEN/NFFLOW program 
requires two types of input files for simulation run. First is the fracture network file (.flo 
file extension) and second is the reservoir control file (.res file extension) (Fig. 31). 
Fracture network file requires the information of each fracture and the wellbores. The 
ASCII format data sequence describing each fracture is: x-coordinate and y-coordinate of 
the left (or lower) endpoint, x-coordinate and y-coordinate of the right (or upper) endpoint, 
aperture, fracture layer number, and a fracture identification number (Fig. 32). Horizontal 
wells are represented in the simulator as constant pressure lines that extend from the 
vertical wellbore to the end point specified for the horizontal segment. The information 
required for the wellbore is the location of the vertical wellbore in x and y direction, well 
length, radius of the vertical wellbore, number of laterals, relative depth of the wells, x 
and y location of the end of the horizontal segment, radius of the horizontal segment and 
the layer number for the horizontal well. Fig. 33 is an example about a wellbore 
information. The wellbore is assumed to be in the middle of the reservoir with start point 
 58 
 
(500,1000) and end point (3500,1000) with wellbore radius of 0.25 ft for both vertical and 
horizontal sections, length of 3000 ft in 3100 ft depth of the reservoir. 
 
Fig. 31—Screen capture of NFFLOW program. 
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Fig. 32—Fracture network input file in NFFLOW:Fracture part. 
 
 
Fig. 33—Fracture network input file in NFFLOW:Well part. 
 
 The reservoir control file mainly contains the physical properties of the gas in the 
reservoir and the simulation control parameter. The initial pressure at a given depth, 
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varying gas deviation factor and dynamic viscosity of the gas as a function of gas are 
presented (Fig. 34). These values are imported from separately calculated reservoir fluid 
properties based on gas relative gravity, reservoir temperature and impurities. Simulation 
time and the control parameter, either fixed pressure or fixed flow rate, are also presented. 
Fig. 35 shows an example of the fixed pressure of 1000 psi production control parameter. 
 
Fig. 34—Reservoir control file in NFFLOW:Fluid Properties part. 
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Fig. 35—Reservoir control file in NFFLOW:Production control part. 
 
 The compared results for gas production rate are summarized in Fig. 36. It was 
simulated for 1000 days, which shows that the initial high production diminishes rapidly 
within first 100 days and a stable production is prolonged for the rest of the simulation 
period. Both NFFLOW and the source function method show a similar production 
behavior. The simulation time for NFFLOW was 6 seconds and for source function was 
37 minutes. 
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Fig. 36—Gas production rate comparison with NFFLOW and source function method. 
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CHAPTER IV  
RESULTS AND PARAMETRIC STUDY 
 
4.1 Introduction 
It is commonly believed that fractured well performances in naturally fractured reservoirs 
are affected by several main factors. The properties of the reservoir such as reservoir 
permeability and complexity of natural fracture network play an important role. The 
properties of the hydraulic fractures are also considered as key factors which have a strong 
influence on well performance. This includes number of hydraulic fractures, fracture 
length, fracture height, fracture width and fracture conductivities.  
 In the subsequent part of this section, a number of simulations are performed to 
investigate the influence of number of hydraulic fractures, fracture length on well 
performance. Parametric study is conducted by using the base case input parameters for 
all the cases and changing only the particular parameter that is investigated. Table 8 
summarizes the input parameters used for the base case, which are mainly reservoir 
properties and hydraulic fracture properties. Reservoir is assumed to be 4000 ft by 2000 
ft wide. Reservoir height is assumed to be 200 ft high. Reservoir porosity is 9% and 
permeability is 0.001 md. Reservoir initial pressure is 2335 psi and bottom hole pressure 
is maintained at 1885 psi. Gas viscosity is 0.0156 cp and gas specific gravity is 1.0. Total 
compressibility is 1.25e-5. Horizontal well is 3000 ft long and ten hydraulic fractures are 
1000 ft long each. A map which shows the complex fracture network used for the base 
case is provided in Fig. 37. There exist 55 natural fractures in the system.  
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Table 8—Input parameters for base case. 
Reservoir Size, ft 4000 x 2000 x 200 
Reservoir Permeability, md 0.001 
Reservoir Porosity, fraction 0.09 
Reservoir Initial Pressure, psi 2335 
Bottom Hole Pressure, psi 1885 
Gas Viscosity, cp 1.56e-2 
Gas Specific Gravity, - 1.00 
Total Compressibility 1.25e-5 
Horizontal Well Length, ft 3000 
Number of Hydraulic Fractures 10 
Lengths of Hydraulic Fractures, ft 1000 
 
 
Fig. 37—Complex fracture network for base case with 10 hydraulic fractures and 1000 ft hydraulic 
fracture length. 
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4.2 Parametric Study of Number of Hydraulic Fractures 
For this study, 10 fractures and 20 fractures were used to examine the effect of fracture 
spacing on well performance. Fig. 38 is the complex fracture network map which gives 
20 fractures case. All the hydraulic fractures are assumed to be equally spaced and it is 
assumed that there exist only 1 perforation cluster within each hydraulic fracture. Fig. 39 
shows gas production rate and Fig. 40 presents cumulative production with different 
number of hydraulic fractures. As we can see in Fig. 39, 20 fractures case gives higher 
initial production than 10 fractures case but the gas production rate looks almost the same 
for the rest of the well life. Also we noticed that 20 fractures case actually gives higher 
(about 9% more) cumulative production from Fig. 40. The reason that we cannot observe 
distinguishable higher production with 20 fractures could be due to the similar 
connectivity with intersecting natural fractures for both 10 and 20 fractures. But if we 
place the hydraulic fractures unevenly according to the density of natural fractures, for 
example, more hydraulic fractures for dense natural fractures and less hydraulic fractures 
for sparse natural fractures, the effect of number of hydraulic fractures could be easily 
perceived. 
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Fig. 38—Complex fracture network for 20 hydraulic fractures. 
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Fig. 39—Gas production rate with different number of hydraulic fractures. 
 
 
 
Fig. 40—Cumulative gas production with different number of hydraulic fractures. 
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 To study the production contribution from the natural fractures, same hydraulically 
fractured horizontal well was simulated without considering the natural fractures in the 
system. Fig. 41 shows the cumulative production for all four cases: 10 hydraulic fractures 
with 55 natural fractures in the system, 20 hydraulic fractures with 55 natural fractures in 
the system, 10 hydraulic fractures only and 20 hydraulic fractures only. From this, it was 
identified that the cumulative production from natural fractures increases the total 
production by 33% for 10 hydraulic fractures case. On the other hand, the cumulative 
production for 20 hydraulic fractures case gives similar results when natural fractures were 
considered or not considered. For 20 hydraulic fractures case, the natural fractures increase 
the total production by 9%. The natural fractures act as extending the reservoir contact and 
being a conduit, so the contribution to total production becomes more intense when proper 
number of hydraulic fractures exist in the system. On the other hand, when more than 
enough number of hydraulic fractures to exploit the reservoir are placed in the system, the 
contribution from natural fractures is reduced.  
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Fig. 41—Cumulative gas production with different number of hydraulic fractures with and without 
natural fractures in the system (k=0.001md). 
 
 To further study the effect of natural fractures on the well performance of different 
fracture spacing, reservoir permeability was varied. For this study, reservoir permeability 
of 0.0001md was used for comparison. Fig. 42 summarizes the results for this simulation. 
It was identified that the cumulative production from natural fractures increases the total 
production by 26% for 10 hydraulic fractures case. For 20 hydraulic fractures case, the 
natural fractures increase the total production by 8%. The main difference from the case 
of k=0.001md is that more hydraulic fractures give higher production whether natural 
fractures are considered or not. Since the reservoir permeability is extremely low, the 
production contribution from natural fracture network is not as high as the higher reservoir 
permeability. Therefore, the importance of hydraulic fracturing becomes crucial when the 
reservoir permeability is particularly low, which agrees with the common practice.  
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Fig. 42—Cumulative gas production with different number of hydraulic fractures with and without 
natural fractures in the system (k=0.0001md). 
 
 
4.3 Parametric Study of Hydraulic Fracture Length 
There are two classical models which predicts fracture geometry of length, height and 
width based on the injected fluid volume, fluid viscosity and rock mechanical properties 
of Poisson’s ratio, Shear modulus. PKN (Perkins-Kern-Nordgren) and KGD 
(Kristianovitch-Geertsma-de Klerk) are the simple analytical fracture models and the 
fracture width becomes smaller as we approach to the tip of the fracture in both models. 
However, we are assuming the geometry of hydraulic fracture as a rectangular 
parallelepiped, and the all the length, height and width are assumed to be constant. 
 To study the effect of hydraulic fracture geometry on well performance, fracture 
length is changed. Fig. 43 shows hydraulic fracture length of 500 ft case (half length of 
250 ft) and Fig. 44 gives hydraulic fracture length of 750 ft case (half length of 375 ft). 
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 The results for changing hydraulic fracture lengths is shown in Fig. 45 which 
displays gas production rate and in Fig. 46 which presents cumulative production both 
with different hydraulic fracturing lengths. The figures show the production profile of high 
initial production and stable long term production. Longer hydraulic fracture length gives 
higher production rate and higher cumulative production. But when we doubled the 
hydraulic fracture length from 300 ft to 750 ft, the production did not exactly doubled. 
This could be due to the relatively long hydraulic fracture length compared to the reservoir 
size and the connectivity of natural fracture network. Longer hydraulic fracture is 
preferred in field since it usually increases production, but it also brings in operational 
challenges. Even we may be able to create a long half-length, propped length and effective 
length are usually much shorter. Therefore, by doing an economic analysis which 
considers additional revenue due to the production increase and additional treatment cost, 
the optimal fracture length can be identified.  
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Fig. 43—Complex fracture network with hydraulic fracture length of 500 ft. 
 
 
Fig. 44—Complex fracture network with hydraulic fracture length of 750 ft. 
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Fig. 45—Gas production rate for different hydraulic fracture lengths. 
 
 
 
Fig. 46—Cumulative gas production with different hydraulic fracture lengths. 
  
 74 
 
4.4 Parametric Study of Number of Fracture Segments 
The foregoing parametric studies consider the effect of input parameters concerning 
reservoir properties and hydraulic fracture geometries. There are several intrinsic 
parameters which could affect the well performance in the source function itself and this 
section discusses two of them.  
 We divided fractures into several segments to accommodate the mutual effects 
which each segment has on the other segments. The number of segments is an important 
parameter which decides the size of the calculation matrix we need to solve, therefore it 
might have impact on overall solution. To examine this, the number of segments for each 
fracture was varied. 4 and 9 segments were used for natural fractures and 4, 9 and 16 
segments were used for hydraulic fractures in infinite conductivity case. Fig. 47 shows the 
result. As we can observe from Fig. 47, the cumulative production curves lay almost on 
top of each other. Large number of segments gives more production, but the difference is 
not meaningful because it is less than 1% of total production. Since the values are not 
distinguishable between each other, gas production rate plot was not displayed here. 
Therefore, segments of 4 were mostly used in the simulation for infinite conductivity case 
to save the calculation time. 
 Infinite conductive fracture is a reasonable assumption for unconventional 
reservoirs because the matrix permeability is extremely low. This assumption may not be 
valid for conventional reservoirs. 
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Fig. 47—Cumulative gas production with different number of segments. 
 
4.5 Parametric Study of the Source Type  
As an approach to handle natural fractures which can be positioned in any direction, 
pattern even non-orthogonal with the boundaries of the reservoir. To reduce the time takes 
for the calculation of the slab source approach, a plane source method was derived. 
 Fig. 48 shows the comparison of produced gas rate when each of slab source and 
plane source was used. The production trend is similar for both cases with high initial 
production and steady decline after that. The production from the slab source is slightly 
higher since the width of the fracture is additionally considered compared with the plane 
source. The result shown in Fig. 48 proves that the plane source method can be safely used 
for natural fractures. 
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Fig. 48—Gas production rate comparison using slab source and plane source 
 
 
4.6 Chapter Summary 
In this chapter, the effects of different parameters on the well performance are discussed. 
The parameters that are studied include reservoir permeability, number of hydraulic 
fractures, hydraulic fracture geometries and number of fracture segments. The base case 
input parameters are used for all cases, unless otherwise stated.  
The parametric study results show that more and longer hydraulic fractures overall 
increase gas production. But the increment of production is not proportional to the 
increment of the studied parameters. The connectivity with natural fracture network and 
relative reservoir size play a role. Besides, reservoir permeability has more significant 
effects on recovery as well when compared with fracture geometry.  
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CHAPTER V  
APPLICATION EXAMPLE 
 
In this section, field examples are used to present how the source function method 
is used. The input data is obtained from the literatures. Two examples are used to show 
the procedure of the model application with one for sparse natural fracture reservoir and 
the other for dense natural fracture reservoir. For sparse natural fracture case, we discuss 
the impact of absorbed gas and for dense natural fracture case, we show the contribution 
of natural fracture to the total production. 
 
5.1 Sparse Natural Fractures 
In this section, an example of horizontal well with multiple hydraulic fractures in a slightly 
naturally fractured reservoir is introduced. Input parameters are summarized in Table 9. 
Reservoir is assumed to be 4000 ft by 2000 ft wide. Reservoir height is assumed to be 200 
ft high. Reservoir porosity is 9% and permeability is 0.001 md. Reservoir initial pressure 
is 2335 psi and bottom hole pressure is maintained at 1885 psi. Gas viscosity is 0.0156 cp 
and gas specific gravity is 1.0. Total compressibility is 1.25e-5. Horizontal well is 3000 ft 
long. Following the current industry practice of large number of hydraulic fractures, it was 
assumed that there exist 50 hydraulic fractures and 55 natural fractures in the system (Fig. 
49). Hydraulic fractures are equally spaced in the center of the reservoir. The lengths of 
hydraulic fractures are assumed to be the same as 1000 ft. Among 55 natural fractures, 33 
are intersecting with any kind of hydraulic fractures and there exists 152 total intersection 
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points. Three important input values for the calculation of absorbed was were obtained 
from the Barnett shale case, Langmuir pressure of 650 psi, matrix density of 2.58 gm/cc 
and adsorbed gas content of 96 scf/ton. Slab source approach was used to obtain the 
results. All the fractures were divided into 4 segments for the calculation efficiency. 
Therefore there exist 332 sources and the size of the source function matrix becomes 332 
by 332.  
 
Fig. 49—Complex fracture network used for sparse natural fracture network. 
  
Table 9—Input parameters for sparse natural fracture network. 
Reservoir Size 4000 x 2000 x 200 ft 
Reservoir Permeability 0.001 md 
Reservoir Porosity 9% 
𝑝𝑖 2335 psi 
𝑝𝑤𝑓 1885 psi 
Gas viscosity 0.0156 cp 
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Table 9 Continued 
Gas specific gravity 1 
Number of Hydraulic Fractures 50 
Lengths of Hydraulic Fractures 1000 ft 
Number of Natural Fractures 55 (33 are intersecting with HFs) 
𝑝𝐿 650 psi (Barnett Shale) 
𝜌𝐵 2.58 gm/cc (Barnett Shale) 
𝑉𝑚 96 scf/ton (Barnett Shale) 
 
Fig. 50 is the plot which shows free gas production, desorbed gas production and 
total gas production. Production sharply decreases to about 16% of initial production after 
100 days, and to about 5% of initial production after 365 days. By comparing with the 
cumulative production which is shown in Fig. 51, we can observe that about two thirds of 
the production, 70%, occurs during the first 300 days. The cumulative desorbed gas 
production increases with time, but not as fast as free gas production. Since the reservoir 
pressure was not lowered enough to desorb more gas from the rock surface, the desorbed 
gas production rate occupies about 8% of total production for the simulation period.  
 
 80 
 
 
Fig. 50—Free gas, desorbed gas and total gas production rate. 
 
 
Fig. 51—Cumulative free gas, desorbed gas and total gas production. 
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5.2 Dense Natural Fractures  
To compare the results from section 5.1, a more densely located natural fracture map was 
used such as Fig. 52. There are 50 hydraulic fractures and 145 natural fractures in the 
system. Hydraulic fractures are evenly spaced in the center of the reservoir with the same 
lengths of 1000 ft. These exist 352 total intersections and 71 natural fractures are 
intersecting with any kind of hydraulic fractures. Input parameters are summarized in 
Table 10. Reservoir is assumed to be 4000 ft by 2000 ft wide. Reservoir height is assumed 
to be 200 ft high. Reservoir porosity is 9% and permeability is 0.001 md. Reservoir initial 
pressure is 2335 psi and bottom hole pressure is maintained at 1885 psi. Gas viscosity is 
0.0156 cp and gas specific gravity is 1.0. Total compressibility is 1.25e-5. Horizontal well 
is 3000 ft long. Slab source approach was used for simulation. 
 
Fig. 52—Complex fracture network used for dense natural fracture network. 
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Table 10—Input parameters for dense natural fractures network. 
Reservoir Size 4000 x 2000 x 200 ft 
Reservoir Permeability 0.001 md 
Reservoir Porosity 9% 
𝑝𝑖 2335 psi 
𝑝𝑤𝑓 1885 psi 
Gas viscosity 0.0156 cp 
Gas specific gravity 1 
Number of Hydraulic Fractures 50 
Lengths of Hydraulic Fractures 1000 ft 
Number of Natural Fractures 145 (71 are intersecting with HFs) 
 
 
For the comparison of sparse and dense network, the natural fracture map in Fig. 
49 was used for sparse network case. Sparse network is composed of 55 natural fractures 
and dense network includes 145 natural fractures. As we observe from Fig. 53, the gas 
production rate is higher in dense natural fracture network. To easily differentiate the gas 
production rate between sparse and dense network, the gas production rate is visualized 
with semi-log plot. The rapid reservoir pressure drop due to increased production for dense 
natural fracture network was also recognized. Fig. 54 shows the cumulative production 
comparison between sparse and dense natural fracture network cases. In this case, the 
dense natural fracture network produces about 44% more gas than the sparse natural 
fracture network.  
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Fig. 53—Gas production rate for sparse and dense natural fracture network. 
 
 
 
Fig. 54—Cumulative gas production for sparse and dense natural fracture network. 
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5.3 Large Number of Hydraulic Fractures 
To accommodate industry technology development, the number of hydraulic fractures was 
increased. In this case study, the horizontal well performance with 100 equally spaced 
hydraulic fractures was examined. Dense network of 156 natural fractures was used.  Fig. 
55 shows the complex fracture network used. 73 natural fractures are intersecting with 
any kind of hydraulic fractures and there exists 730 total intersection points. Input 
parameters are summarized in Table 11. Reservoir is assumed to be 4000 ft by 2000 ft 
wide. Reservoir height is assumed to be 200 ft high. Reservoir porosity is 9% and 
permeability is 0.001 md. Reservoir initial pressure is 2335 psi and bottom hole pressure 
is maintained at 1885 psi. Gas viscosity is 0.0156 cp and gas specific gravity is 1.0. Total 
compressibility is 1.25e-5. Horizontal well is 3000 ft long. Slab source approach was used 
for simulation. 
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Fig. 55—Complex fracture network used for large number of hydraulic fractures. 
 
 
Table 11—Input parameters for large number of hydraulic fractures. 
Reservoir Size 4000 x 2000 x 200 ft 
Reservoir Permeability 0.001 md 
Reservoir Porosity 9% 
𝑝𝑖 2335 psi 
𝑝𝑤𝑓 1885 psi 
Gas viscosity 0.0156 cp 
Gas specific gravity 1 
Number of Hydraulic Fractures 100 
Lengths of Hydraulic Fractures 1000 ft 
Number of Natural Fractures 156 (73 are intersecting with HFs) 
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Fig. 56—Cumulative gas production for large number of hydraulic fractures. 
 
Fig. 56 is the plot which shows the cumulative production for 1000 days. We can 
observe that when the natural fracture network is developed as Fig. 55, which shows lots 
of long natural fractures which are intersecting with many hydraulic fractures, 100 
hydraulic fractures are more than needed to properly produce the hydrocarbon. For 
example, when one natural fracture is intersecting with about 20 hydraulic fractures, all 
20 hydraulic fractures are not necessary since smaller number of hydraulic fracture can 
produce the hydrocarbon from the intersecting natural fracture. Therefore, the approach 
developed in this study can be used as a quick and simple estimate for hydraulic fracture 
treatment design.  
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5.4 Field-scale Case Study 
In this section, the well performance in a reservoir with real field properties is predicted.  
Input parameters were taken based on the SPE papers regarding the hydraulic fracturing 
test well conducted in China. The reservoir properties of Longmaxi formation in Sichuan 
basin were mainly used for input. The Longmaxi Silurian age formation is one of three 
main target marine shales in China, the others being the Cambrian age Qiongzhusi and 
Niutitang. The Longmaxi serves as the more likely completion target for attempting to 
reach the production goals set forth by the government and state owned enterprises. The 
Longmaxi is an interbedded mudstone/siltstone formation with an organic-rich 
carbonaceous interval at its base. It experienced widespread deposition and is 
predominantly found in what is currently known as the Sichuan basin in Sichuan province 
and the Chongqing municipality, with some evidence of its occurrence farther south and 
east into Guizhou and Hunan provinces. The lower organic-rich interval is the target for 
completion as it serves to store more hydrocarbon, which also lends itself to effective 
hydraulic fracture stimulation and flow capacity enhancement. (Wang et al. 2013). The 
summarized values and their sources are presented in Table 12. The properties originally 
presented in SI unit were converted to field unit for simulation. Reservoir size was 
estimated to be 4000 ft by 2000 ft with the height of 120 ft. Permeability of 0.00025 md 
was taken from the work of Zou (2011). Reservoir pressure was calculated based on the 
pressure gradient given in the paper of Lv et al. (2013), and porosity of average 4% was 
taken from the same paper. Horizontal lateral length of 1000 ft was obtained from the 
work of Wang et al. (2013). Fluid properties were calculated using gas property 
 88 
 
calculation program based on the reservoir pressure by assuming gas specific gravity of 
0.746. Data about adsorbed gas were mainly taken from geochemistry papers of Zhang et 
al. (2012) and bulk density of 2.58 gm/cc was assumed to be consistent with the Barnett 
shale (Cluff 2006).  
Table 12—Input parameters for field case study and their sources. 
 
Reservoir Data SI unit Field unit Source 
Reservoir width, a,(x) 1200 m  ft  
Reservoir length, b,(y) 600 m  ft  
Reservoir Thickness, h,(z) 120 m  ft Lv et al. 2013 
Permeability, k  m2 0.00025 md Zou 2011 
Reservoir pressure, pi 28.28 MPa  psi Lv et al. 2013 
porosity 0.04    Lv et al. 2013 
Horizontal well 
Length  m 1000 ft Wang et al. 2013 
Fluid Properties 
Viscosity, μ  Pa·s 0.0282 cp 
Viscosity 
@ Reservoir pressure 
Gas specific gravity, SG.  - 0.746 -  
Compressibility  1/Mpa 0.0001561 1/psi 
Gas compressibility 
@ Reservoir pressure 
Data for Adsorbed Gas 
Adsorbed gas content, Vm  m3/Kg 149 scf/ton Zhang et al. 2012 
Bulk density, ρb  Kg/m3 2.58 gm/cc Cluff 2006 
Langmuir's pressure, pL  Mpa 1036 psia Zhang et al. 2012 
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Fig. 57—Natural fracture map used and the multiple hydraulic fractures. 
 
Fig. 57 presents the natural fracture map used and the multiple hydraulic fractures. 
20 hydraulic fractures which have equal geometries and properties are assumed to be 
uniformly distributed within the reservoir. 55 natural fractures reside in the reservoir and 
it was identified that 29 of them are intersecting with hydraulic fractures. Fractures are 
assumed to be infinite conductive and gas adsorption was not considered.  
Fig. 58 show the average reservoir pressure profile for the life of the well. The 
pressure declines steadily toward the bottom hole pressure. The production rate is 
presented in Fig. 59. The high initial production cannot be maintained, which reduces to 
about 10% of initial value within 500 days. The low production compared to the initial 
value is maintained for the whole well life by slightly declining with time. The recovery 
factor is assumed to be about 25% after 30 year well life (Fig. 60).  
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Fig. 58—Average reservoir pressure. 
 
 
 
Fig. 59—Gas production rate. 
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Fig. 60—Recovery factor. 
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CHAPTER VI  
CONCLUSIONS 
 
Natural fractures are commonly observed in unconventional reservoirs. Multi-
stage hydraulic fracturing in horizontal wells has been applied to develop these shale/tight 
sands reservoirs to increase the production by creating a complex network with the 
existing natural fractures. It still remains a challenge to reasonably predict well 
performance in such a complex system, especially by honoring the distribution of natural 
fractures explicitly. 
This study presents a combined methodology based on Green’s source function 
and Fractal discrete fracture network (FDFN) model. FDFN model is used to generate 
realistic natural fracture network. Source function approach is used as a semi-analytical 
calculation tool to accommodate the influences of hydraulic fractures and natural fractures 
and obtaining the reservoir response as a final solution. It also presents the production 
from adsorbed gas, common in shale reservoirs, using modified material balance equation. 
The effects of important parameters, such as permeability, hydraulic fracture geometries 
and number of hydraulic fractures are discussed. Important developments and conclusions 
can be summarized as: 
1. Source model and superposition principal was applied to calculate flow problems 
in complex fracture network. The hydraulic and natural fractures together are 
considered as independent sources, and their influence on each other is considered, 
which is more realistic than summing the flow from each fracture as total flow. 
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2. Fractal Discrete Fracture Network model was used to generate the complex 
fracture system. This model is a stochastic approach, which follows the identified 
distribution of natural fractures. 
3. To estimate adsorbed gas production, Langmuir’s isotherm and modified material 
balance were applied. It was also found that the inclusion of adsorbed gas could 
result in the total gas production increase up to 25%.  
4. Calculation time was greatly reduced by introducing parallelization and using 
highly optimized calculation library. 
5. Combined source function approach was compared and verified with commercial 
and open-source softwares.  
6. Well performance in naturally fractured reservoir is dependent on natural fracture 
location, dimension and connectivity with hydraulic fractures.  
7. This approach can be used as a quick and easy approach in predicting the optimum 
number of hydraulic fractures, hydraulic fracture lengths and the location when a 
natural fracture network is previously identified.  
8. The geometry of each hydraulic fracture such as length, width and height and the 
spacing of hydraulic fractures can be varied to simulate more realistic case for the 
future work. 
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APPENDIX I  
SOURCE FUNCTIONS FOR VARIOUS BOUNDARY CONDITION 
The pressure distribution in a reservoir having dimensions of a, b, and h due to the small 
source in the middle of the domain is calculated by 
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If we assume the outer boundaries of the reservoir are no-flow boundaries, the source 
function S has the form as follows according to Gringarten and Ramey (1973). 
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If all the outer boundaries of the reservoir are assumed to be in constant pressure state, the 
source function S is written as follows.  
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Various boundary conditions can be handled by properly using Table 2. When one 
boundary is assumed to be in no-flow state (at x=0) and the other is in constant pressure 
state (at x=a) in x direction and all the y and z direction boundaries are no-flow boundaries, 
the source function can be written as follows. 
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